retroviruses.
Extrachromosomal DNA as a marker of viral replication Introduction
Reverse transcription takes place in the cytoplasm of the infected cell. In quiescent cells, the final product of reverse All retroviruses enter target cells via interaction between the transcription, linear E-DNA is found only in the cytoplasm of envelope glycoprotein present on the retroviral envelope and the cell, which is bound to several proteins of the preintethe specific receptor(s) exposed on the outermost membrane gration complex while it is absent inside the nuclei (Figure of the target cell. This interaction determines the fusion 1). [6] [7] [8] [9] After the cell has been activated, the fate of linear between the viral envelope and cellular membranes, thus E-DNA differs between lentiretroviruses and oncoretroviruses. inducing the release of the viral core into the cytoplasm of
In lentiretroviruses, such as the human immunodeficiency the infected cell. After the viral core has been internalized virus type 1 (HIV-1), linear E-DNA is translocated upon celluin the target cell, reverse transcriptase mediates cytoplasmic lar activation, both in dividing and nondividing cells, into the reverse transcription of the viral genomic RNA into doublenucleus of the host cell. This translocation is an ATP-depenstranded linear complementary DNA by using the free nucleodent active process involving the presence of several karytides and ions present in the cytoplasm of the cell and the ophilic elements present in at least two proteins of the preintetRNA primer bound to the primer binding site of the retroviral gration complex (p17 gag and vpr) ( Figure 1a) . 3, [10] [11] [12] In RNA. Once completed, double stranded linear complemenoncoretroviruses, such as the Moloney murine leukemia virus tary DNA enters into the nucleus as part of a preintegration (MMLV), linear E-DNA remains in the cytoplasm until nuclear complex which, at the very least, contains the viral enzyme division during the M phase of the cell cycle breaks down the integrase (IN). The linear viral DNA is integrated into host nuclear envelope and permits nuclear import of the preintecellular DNA after both ends of linear DNA have undergone gration complex together with unintegrated linear E-DNA by loss of two bases at each end.
1 Such integrated proviral DNA a passive mechanism (Figure 1b) . 9, 13 It has been suggested that is then competent for transcription of viral mRNAs that, after this difference may be attributable to a difference in the size export into the cytoplasm, are translated into viral proteins to of the preintegration complexes of each retrovirus, 9 since produce new infectious viral particles.
translocation of preintegration complexes through the nuclear Typically, when reverse-transcribed linear extrachromopore seems to be size dependent. However, the karyophilic somal viral DNA (linear E-DNA) reaches the nucleus of the elements encoded by HIV-1, which determine nuclear transloinfected cell, it can either integrate in the proviral form or cation of the viral preintegration complex, appear to be absent circularize and remain as extrachromosomal DNA (circular Ein the MMLV preintegration complex. Thus, different retro-DNA).
1-3 While it is known that linear E-DNA is the substrate viruses may have developed different capabilities to infect tarfor integration, 4 circular E-DNA is thought to be simply a side get cells in different phases of the cell cycle. Therefore, retroproduct of the reverse-transcription process.
1,5 viral replication will either require cellular activation in the E-DNA is found in infected cells in at least three different absence of cell replication, as in the case of lentiretroviruses forms: linear, present in the cytoplasm and in the nucleus of (HIV-1), 3, 8, 12 or cell replication, as in the case of oncoretrothe infected cell and constituting the final product of the viruses (MMLV). 9, 13 In either case, however, circular E-DNA forms are present only in the nucleus of the infected cells. vivo, and, for this reason, it is also considered a marker of an additional step to the simple amplification of DNA. Amplification of circular E-DNA could easily be substituted for intraactive viral replication. [14] [15] [16] Several studies of E-DNA have been performed in patients cellular RNA analysis as a measure of viral replication, thus saving time and eliminating reverse transcription of RNA into infected with HIV-1 [17] [18] [19] or human T cell leukemia virus type I 20,21 as well as in animals infected with simian immunodeficDNA. For these reasons, measurement of the level of circular E-DNA during the course of infection, since it is a marker of ciency virus (SIV), 22 feline leukemia virus 23 , MMLV, 24 equine infectious anemia virus, 25 spleen necrosis virus, 26 avian viral replication, appears to be a simple tool to follow the course of retroviral infections in vivo. However, due to the leukosis virus, 27 avian reticuloendotheliosis virus, 28 and bovine leukemia virus. 29 In all cases, recovery of E-DNA was conlower levels of circular E-DNA, with respect to integrated DNA and viral RNA during the course of the infection and current with viral replication. Moreover, a more active viral replication corresponded with an increased amount of E-DNA the consequent difficulties in detecting such smaller amounts of viral DNA, we would argue against such an approach. and particularly circular E-DNA, suggesting a connection between the stage of any associated diseases and the amount of E-DNA.
With regard to HIV-1 infection, levels of extrachromosomal Extrachromosomal DNA is transcriptionally active viral DNA have been correlated with HIV-1 expression and CD4 + cell decline in vivo. 18, 19 Moreover, a decrease in HIV-1 During the past few years, several reports have suggested that circular E-DNA is not simply a dead end product of the unintegrated DNA recovery has been associated with antiretroviral therapy. [30] [31] [32] It has been suggested that the level of reverse transcription process but rather participates actively in the course of infection. Indeed, circular E-DNA has been viral RNA is a better marker of HIV-1 replication and stage of the disease than is the decrease in CD4 + cell counts or the shown to be transcriptionally active, although at low levels and only for a short period of time. [34] [35] [36] [37] [38] [39] [40] In itself, this is not level of total viral DNA. 33 However, although amplification of extracellular RNA is necessary to quantitate the levels of surprising since both linear and circular E-DNA possess the promoter and termination signals essential for synthesis of serum-associated virus, testing for viral replication by analyzing the levels of intracellular RNA using RT-PCR introduces viral mRNA and consequently viral proteins. The fact that the transcriptional potential of E-DNA appears to be quite low in the IN protein. With respect to the first possibility, it is very unlikely that IN protein binds circular E-DNA. Indeed, while suggests that the structural conformation of this DNA does not make it an efficient template for viral expression.
several proteins of the preintegration complex are bound to linear E-DNA, only histones seem to bind circular E-DNA. 41, 42 Indeed, several lines of evidence suggest that the transcriptional activity of unintegrated circular c1LTR and c2LTR EPossibly, when linear E-DNA circularizes to form either c1LTR or c2LTR E-DNA, the proteins of the preintegration complex DNA and linear E-DNA is much lower than that of its integrated counterpart. 40 First, transcriptional activity of E-DNA are displaced from the LTR termini, and the circular forms are not recognized as suitable substrates for integration. Another appears to be impeded by several proteins of the preintegration complex which possibly displace or block the attachexplanation for the different transcriptional activity reported for E-DNA using IN-defective mutants is that different ment of transcriptional factors in the LTR. 41, 42 In addition, the short half-life of c1LTR and c2LTR, between 1 and 2 days as mutations introduced into the IN protein simply do not have the same effect on the amount of E-DNA produced. Since has been determined in vivo, 18 does not permit them to be stable templates for viral mRNA transcription. Another reason recovery of RT activity after transient transfection of some INdefective molecular clones of HIV-1 is lower than that of the for the low contribution of E-DNA to the viral RNA pool is likely due to phenomena of promoter interference or wild-type counterpart, 34, 36, 39, 43, 44, 48 it is likely that these mutants produce a lower amount of E-DNA, thus reducing the occlusion because of close proximity of the two promoters in the case of the c2LTR E-DNA, or the double use of the single amount of E-DNA template for mRNA transcription. LTR in c1LTR E-DNA to both start and terminate transcription. We have reported that in cell culture using the HIV-1 system, c1LTR is more active than c2LTR, while the activity of linear IN-defective viruses as a vaccine E-DNA is very low. 40 It is not clear why linear E-DNA possesses a lower transcriptional activity than the circular forms.
Since E-DNA is transcriptionally active (although at low In addition to being a more efficient template, integrated levels), at least with HIV-1 and possibly SIV as well, it may DNA possesses a much longer half-life, thus allowing it to be possible to exploit IN-defective viruses as vaccines. The produce the majority of viral mRNA necessary to produce expression of viral proteins for a short period of time and at viral proteins and, consequently, the majority of infectious low levels could still stimulate an immune response against viral particles. A lower amount of circular E-DNA is usually viral proteins. Viral proteins translated from mRNAs derived present both in vitro and in vivo at sites of viral replication 18 from E-DNA would be processed by similar pathways as those further ensuring that the major producer of viral mRNA, and transcribed from integrated templates in natural infections and hence protein, is the integrated form of the retrovirus. Howwould thus be in their most native form. Additionally, intraever, it is possible that E-DNA represents a way for the virus cellular production should ensure stimulation of a CTL to replicate, albeit inefficiently, under conditions which do response. The absence of IN would help to ensure safety not permit integration.
because of the transient nature of E-DNA. The use of animal IN mutant or defective viruses can be used as tools to characmodels would of course be necessary to test this hypothesis. terize the transcriptional activity of circular E-DNA. [34] [35] [36] [37] [38] [39] [40] INdefective viruses are unable to integrate reverse-transcribed circular DNA, producing only linear E-DNA in the cytoplasm Conclusions and circular E-DNA in the nuclei of the infected cells. Although this system is the closest to the situation in vivo, a While the production of E-DNA during the life cycle of retrogreat variability of transcriptional activity for circular E-DNA viruses is a well-established fact, their biological significance has been found when IN-defective viruses are used to infect is still a matter of controversy. Although it is possible that EHeLa CD4 cells harboring a Tat-inducible construct (LTR-␤-DNA is only an accidental side product of the reverse trangal), peripheral blood lymphocytes or macrophages, or when scription process, its activity and potential uses seem signifiused in transient transfection assays. This may depend upon cant. To investigate this possibility further, it will be important the particular mutation introduced, in that some mutations to produce new in vitro and in vivo models to test further may adversely affect gag-pol precursor polyprotein propossible functions of E-DNA and to see if the findings reported cessing, which may indirectly account for the low transcripfor HIV-1 are applicable to other retroviruses. tional activity of E-DNA of IN mutants. In this regard, we and others have found that after transfection of molecular clones of HIV-1 containing a defective or mutated IN gene, the morAcknowledgements phology of the viral particle was aberrant and the release of viral proteins into supernatants of the transfected cells were
We thank Kelli Carrington for editorial assistance. decreased relative to the wild-type. This indicates that the ability to sustain multiple rounds of infection is not only dependent on the transcriptional ability of unintegrated DNA References but also on the correct processing of viral proteins in the absence of a functional IN. 34, 36, 39, [43] [44] [45] [46] [47] [48] 1 Varmus H, Swanstrom R. Replication of retroviruses. In: Weiss R,
The fact that different levels of transcriptional activity are unintegrated viral DNA depending upon the mutation present
